We compare a new classical water model, which features Gaussian charges and polarizability ͑GCPM͒ with ab initio Car-Parrinello molecular dynamics ͑CPMD͒ simulations. We compare the total dipole moment, the total dipole moment distribution, and degree of hydrogen bonding at ambient to supercritical conditions. We also compared the total dipole moment calculated from both the electron density ͑partitioning the electron density among molecules based on a zero electron flux condition͒, and from the center of localized Wannier function centers ͑WFCs͒. Compared to CPMD, we found that GCPM overpredicts the dipole moment derived by partitioning the electron density and underpredicts that obtained from the WFCs, but exhibits similar trends and distribution of values. We also found that GCPM predicted similar degrees of hydrogen bonding compared to CPMD and has a similar structure.
I. INTRODUCTION
Water is an essential and ubiquitous component of our natural environment crucial to many chemical, biological, and physical processes. The importance of water has led to the development of many models for the interaction between water molecules ͑i.e., force fields͒. 1 Many of these models, most of which are rigid and nonpolarizable, reproduce a subset of the important physical properties of water. Recently, the Gaussian charge polarizable model for water ͑GCPM͒ was introduced.
2 It is a rigid polarizable model, with polarizability introduced via a point polarizable dipole. This model has been shown to predict accurate structural, dielectric, thermodynamic, and transport properties over the entire fluid range ͑including isolated dimers͒ as well as vapor-liquid equilibria. The isolated GCPM water molecule has the experimental gas phase geometry. 3 The center of negative charge ͑M͒ is located 0.27 Å, along the HOH bisector and the charges are set for the permanent dipole to equal the experimental value of 1.855 D ͑see Fig. 1͒ . 4 The point polarizable dipole is located at the center of mass of the molecule, and the polarizability is given by the experimental value ͑␣ = 1.44 Å 3 ͒.
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The accuracy of the GCPM suggests that it may be representing the properties of the water molecule faithfully, both in the low density ͑isolated and dimer͒ states and in condensed liquid state. To test the accuracy of the GCPM further, we present in this paper comparisons of the GCPM predictions for the induced dipole moment and hydrogen bonding with results obtained from Car-Parrinello molecular dynamics ͑CPMD͒. 6 CPMD simulations represent one of the most fundamental approaches to modeling condensed phases. Simulations have been conducted at both standard [7] [8] [9] and elevated conditions. 10, 11 Dynamic equations of motion are solved for the ions with the inter-ionic forces computed from the valence electron density, which is solved for at each time step using density functional theory. In the case of water, a CPMD simulation consists of O and H ions and eight valence electrons per molecules. Ab initio simulations do not restrict the atoms into rigid molecules, allowing the atoms to move freely. The ground state electron density calculated for the system is computed at each time step. As polarization and other short range forces are taken into account automatically within the CPMD, this provides useful data to compare to the polarization included in the GCPM model. Previous studies 7, 12 have shown that the bulk water structure can be described by CPMD. Despite this success, CPMD remains too expensive computationally for the study of large and complex systems, since even for a relatively small ͑32-64 molecules͒ simulation, CPMD requires approximately four to five orders of magnitude greater computation time than an equivalent classical MD simulation.
In order to calculate the effective dipole moments of water molecules from electron density data, the boundary of the water molecule has to be defined. Laasonen et al. 7 used a spherical volume centered at the center of charge of a water molecule with a radius half the average O-O intermolecular distance. The electron distribution contained with this vol-ume was taken as being associated with the molecules and the dipole computed accordingly, with the result that the average dipole moment was found to be 2.66 D at 300 K and 1 g cm −3 . Bader 13 defined the extent of the molecule as the surface where the electron density flux is zero, which we shall refer to as the Bader approach. Delle Site et al.
14 used this definition and the dipole was calculated as = 2.47 D in simulations containing 32 water molecules at 300 K and 1 g cm −3 . We have adopted a similar philosophy in the results described below.
However, defining a molecule via the partitioning of the bulk electron density has been criticized as yielding incorrect results in regard to the total dipole. 15 A solution to the lack of formal definition of the molecular "space" or volume has been proposed that uses localized Wannier functions. The Kohn-Sham orbitals are transformed into the maximally localized Wannier functions. 16 This method was used by Silvestrelli and Parrinello, 8 yielding a total dipole moment of 3.0 D for bulk water at 318 K and 1.0 g cm −1 . For comparison, in addition to the Bader approach, the dipole moment will also be calculated using Wannier function centers ͑WFCs͒. Recent x-ray diffraction measurements 17 have resulted in an estimate of the bulk water dipole of 2.9± 0.6 D at ambient conditions. However, ab initio results calculated from MP2 yield total dipole moments of 2.65 ͑Ref. 18͒ and 2.7 D. 19, 20 The effect of temperature on the induced water dipole has not been extensively studied. Gubskaya and Kusalik reported the total molecular dipole moment between 263 and 373 K. Only limited density dependence of the effective dipole moment has been reported. In this paper, we will present comparisons of the effective dipole moments by CPMD as a function of density and temperature outside the two-phase region, and compare these with the predictions of the GCPM.
Another very important aspect of water structure is hydrogen bonding. For example, the high melting and boiling points of water are due to the high degree of hydrogen bonding at ambient pressure, likewise and the density maximum at 4°C is the result of water freezing into a tetrahedral hydrogen-bonded network. In order to calculate the degree of hydrogen bonding in a simulation, Mezei and Beveridge 21 developed a geometric criterion for determining a hydrogen bond. Although other definitions ͑based on energetic or combination energetic/geometric criteria͒ exist, the geometric definition of Mezei and Beveridge is preferred since it is easily implemented within CPMD. Using the Mezei and Beveridge geometrical criterion, we compare the distribution of the number of the hydrogen bonds obtained from GCPM and CPMD simulations as a function of temperature and density.
Extended simple point charge 22 ͑SPC/E͒ is a simple three-point model with point charges on each atom and Lennard-Jones potential on the oxygen. Is also has a rigid structure and is commonly used for many different applications/simulations. Given its simplicity, SPC/E gives accurate predictions for the structure, phase equilibria, and dielectric constant, particularly at ambient conditions. In this study, SPC/E is used as prototypical of nonpolarizable, rigid model with which to compare GCPM and CPMD results. Being nonpolarizable and inflexible, SPC/E has a constant dipole of 2.35 D.
In this paper, we will first present our method for simulating the water systems, followed by the calculations of the dipole moment and the extent of hydrogen bonding. We conclude with discussion of the results.
II. SIMULATION DETAILS

A. GCPM
Details of the simulation methodology are given in the paper in which it was introduced, by Paricaud et al. 2 At each time step, the inducted dipole was iterated over all the molecules until convergence. The dipole was calculated from
The GCPM water simulations were run between 300 and 1000 K and between 0.1 and 1.0 g cm −3 at 100 K and 0.1 g cm −3 intervals, respectively. However, simulations were not performed in the two-phase vapor-liquid equilibrium region. An NVT ensemble of 256 water molecules was used with an equilibration time of 100 ps and 100 ps production run. Data on dipole moment per molecule and hydrogen bonding were collected for statistical analysis. A 1.0 fs time step was used.
B. CPMD
The simulation was carried out with version 3.9.1 of the computational code CPMD. 23 In each simulation, 32 water molecules were simulated in a periodic cubic cell with a temperature between 300 and 1000 K and density of 1.0 g cm −3 . Initial samples were prepared by a 100 ps initialization with an NVT ensemble using the GCPM. Due to its agreement with experiment, 12 the Troullier-Martins pseudopotential 24 and gradient-corrected density functional BLYP ͑Refs. 25 and 26͒ were used.
The Kohn-Sham orbitals were expanded in a plane wave basis set up to an energy cutoff of 70 Ry. A fictious mass of 600 a.u. was used in the thermostatting equation of motion. Each simulation used a 0.1 fs time step, 5.0 ps production runs with the electron density calculated every 0.5 ps, and the WFCs calculated every 1 fs. At a constant density of 1.0 g cm −3 , the temperature was varied with simulations performed at 300, 500, 700, and 1000 K. Each simulation began with a 1 ps relaxation run, involving 0.5 ps simulation with velocity rescaling followed by 0.5 ps with the temperature controlled with the Nose-Hoover thermostat. Simulations were also performed at 0.6 g cm −3 at 700 and 1000 K, with 5.0 ps production runs, electron density calculated every 0.25 ps and the WFCs calculated every 1 fs.
In comparing the GCPM predictions with CPMD, we must keep in mind one limitation of the CPMD results. The GCPM has been constructed as a classical model for use in classical simulation and so fits experimental data directly. This means that effects due to quantum dynamics in water that result in higher diffusivity, reduced hydrogen bonding, lower dielectric constant, and a more relaxed structure [27] [28] [29] [30] [31] have already been incorporated into the classical GCPM intermolecular potential. By contrast, in CPMD simulations the dynamics is classical, but the interactions, derived from density functional theory applied to each configurations, have not been empirically adjusted to incorporate the effects of quantum dynamics. Hence, if the quantum-corrected properties of the CPMD are expected to agree well with experiment, one should expect that CPMD will yield lower diffusivities, higher dielectric constants, higher degrees of hydrogen bonding, and a more rigid structure than real water. This has been confirmed with respect to lower diffusivities 32 and enhanced structure 32 and the degree of hydrogen bonding.
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C. Isolated CPMD water molecule
A CPMD simulation of a single water molecule was carried out at 300 K in a 12 Å periodic cubic cell. Statistics were taken over 10 ps, with an electron density snapshot every 0.5 ps and WFCs calculated every 1 fs. The dipole was calculated using both the Bader approach and Wannier functions. In the Bader approach, the dipole was calculated by centering the box on the water molecule, using the box walls to define the limits of the molecule.
D. Dipole
The electron density was generated onto a threedimensional grid with 0.09 Å spacing in each direction. In the Bader method, the boundary of the water molecule was defined as the electron density minima. A numerical spline interpolation was used to find minima in the electron density, corresponding to points of zero electron flux. The electron density is only of the valence electrons. Integration over the molecule's space would return the number of valence electrons associated with the molecule. In principle, there are eight valence electrons, six for the oxygen and one for each of the hydrogens. The number of electrons found within the boundary defined by the zero flux condition is 8 ± 1% which is in excellent agreement with the expected value. The water dipole was then calculated from
where q͑r͒ is the electron density and v i is the volume around molecule i whose boundary is defined by the zeroelectron-flux condition.
In the WFC method, the eight valence electrons from each water molecule are divided into four doubly occupied Wannier functions, each with a charge of two electrons, concentrated at the WFCs. The positive charge is located at the atom nuclei, with a charge equal to its number of valence electrons. The dipole moment is then calculated based on the centers of charge. 
E. Hydrogen bonding
The criteria of a hydrogen bond defined by Mezei and Beveridge 21 have the distance between the oxygen atoms R OO ഛ 3.3 Å, angles between the proton donor or the lone pair of electrons and the oxygens as HOO , LPOO ഛ 45°, and the torsion between the proton and the lone pair as ഛ 180°. The location of the lone pair was taken as the inflection of the OH vectors and rotated 90°. The distance of the lone pair to the nuclei is not involved in the definition. The number of hydrogen bonds was computed every 200 fs, over the 100 ps production run for the GCPM and every 1.0 fs, over a 5 ps production run for CPMD.
III. RESULTS
A. Dipole moment
The total dipole moments of CPMD and GCPM water were compared at 300, 500, 700, and 1000 K at a density of 1.0 g cm −3 ͑Fig. 2͒. It can be seen that GCPM water results exhibit similar trends to the CPMD water results, with the GCPM results consistently 0.1-0.2 D higher in magnitude than the CPMD-Bader results and 0.2-0.3 D lower than the CPMD-WFC results. At a density of 0.6 g cm −3 , the GCPM again predicts total dipoles that are 0.1 D above the CPMD results. For lower temperatures, water enters a two-phase region and so we do not consider these states. The CPMDBader result at 300 K and 1.0 g cm −3 is consistent with that calculated by Delle Site et al.
14 using essentially the same method for determining the effective dipole moment.
Since the total dipole moment for the water molecule fluctuates, the ability to reproduce the total dipole moment distribution is likely to be an important ingredient in developing an accurate model for water. In Fig. 3 , we have plotted the dipole distribution for CPMD using both Bader and WFC methods, with that obtained from GCPM at two state conditions, 300 and 700 K, both at 1 g cm −3 . The standard deviations at 300 K and 1.0 g cm −3 were 0.22, 0.30, and 0.19 D for CPMD-Bader, CPMD-WFC, and GCPM, respectively. At 700 K and 1.0 g cm −3 the standard deviations were 0.27, 0.33, and 0.24 D for CPMD-Bader, CPMD-WFC, and GCPM, respectively. For a density of 0.6 g cm −3 and temperature of 700 K, the standard deviations were 0.23, 0.27, and 0.21 D for CPMD-Bader, CPMD-WFC, and GCPM, respectively.
The width of the distribution of the dipole was always found to be larger for the CPMD simulation using either method than that obtained from GCPM. The narrower distribution of GCPM would be due to the inability of the O-H bond length and HOH angle to flex. Flexing of the molecule enhances the occurrence of dipoles at the tails of the distribution. This is consistent with the finding of Allesch et al., 34 who found a narrower total dipole moment distribution from a rigid molecule than a free moving molecule, both using Car-Parrinello simulations.
In general, we find that the mean dipole moment calculated from the GCPM is bounded above by the WFC method and bounded below by the Bader approach. One exception to this general observation is shown in Fig. 4 , which suggests that at low density ͑0.32 g cm −3 ͒ and high temperature ͑673 K͒ the GCPM prediction for the dipole moment may be higher than that obtained from the WFC method applied to CPMD by Boero et al. 11 However, note that the CPMD results are somewhat noisy at this state condition, so that this conclusion is at best tentative.
Boero et al. also simulated CPMD water in the supercritical regime at the conditions of 0.32 and 0.73 g cm −3 at a temperature of 653 K. We compare their results with GCPM in Fig. 4 . For the lower density of 0.32 g cm −3 , both CPMD and GCPM have a maximum probability around 2.06 D, corresponding to the dipole moment of a water dimer ͑2.1 D͒. 20 The multiple peaks of the CPMD curve at low density are likely due to insufficient simulation time, which results in poor statistics.
Since for GCPM it is relatively easy to determine the effective dipole moment over a broad range of temperature and densities, in Fig. 5 we present these results. It is clear from these results that the dipole moment calculated from the GCPM has a near-linear relationship to the inverse temperature. A similar trend was observed, over a smaller temperature difference by Gubskaya and Kusalik. 
B. Isolated water dipole
The isolated water dipole was calculated from CPMDBader to be 1.84 D, with a standard deviation of 0.06 D, compared to experiment of 1.855 D, 4 which corresponds to the value chosen for GCPM. CPMD-WFC yielded a dipole of 1.86 D, with a standard deviation of 0.08 D. Two conclusions can be inferred from this: first, that CPMD ͑using either method͒ yields a good prediction of the isolated water dipole; and second, CPMD and GCPM converge to the same value at lower densities ͑GCPM due to design͒. Consistent with this is the fact that the differences between CPMD and GCPM at the lower density of 0.6 g cm −3 are less than the differences at 1.0 g cm −3 ͓Figs. 3͑b͒ and 3͑c͔͒.
C. Hydrogen bonding
Structure
The radial distribution function comparing GCPM and CPMD is shown in Fig. 6 . Due to the small number of water molecules, the CPMD results do not extend beyond the second water shell. The agreement of the CPMD results with GCPM results is very good; the latter in turn are in very good agreement with experiments.
2 Note that CPMD predicts slightly enhanced structures ͑indicated by higher peaks͒ for water than GCPM, consistent with our discussion in Sec. II-that is, we expect CPMD to overpredict structure slightly compared to experiment.
As can be seen from Fig. 7 , the degree of the hydrogen bonding in GCPM water is similar to that calculated via CPMD. CPMD predicts a slightly more structured fluid as the temperature decreases, shown by a higher degree of hydrogen bonding. This is consistent with our remarks in Sec. II above concerning CPMD, in that we expect it to have a higher degree of hydrogen bonding compared to experiment.
IV. SUMMARY AND CONCLUSION
In this paper, we have compared predictions of GCPM water with results from CPMD. In general, the agreement between the two models is very good. Specifically, we have shown that GCPM yields predictions of the total dipole moment and for the total dipole moment distribution at a range of the temperatures and densities that are in good agreement with the CPMD results and, in fact, are bracketed by the values obtained from CPMD by two different methods. As FIG. 6 . Radial distribution function of GCPM and CPMD at 300 and 700 K at 1.0 g cm −3 . ͑a͒ OO, ͑b͒ OH, and ͑c͒ HH. The GCPM results are shown as solid line and dotted line for 300 and 700 K, respectively. The CPMD results are shown as crosses and circles for 300 and 700 K, respectively. expected, the total water dipole moment calculated using both GCPM and CPMD decreases with increasing temperature in the fluid region. Both CPMD and GCPM exhibit the experimental value for the dipole moment of the isolated water molecule ͑in the case of GCPM, this is by construction͒.
The GCPM predicted a similar, but consistently slightly lower, degree of hydrogen bonding compared to GCPM over the whole range of state conditions studied. Likewise, the water structure predicted by both models is in good agreement, with the CPMD slightly more structured than GCPM.
